It is shown that neutrino mixing angles which are consistent with current experimental observations may be naturally obtained in a Pati-Salam model constructed from intersecting D6 branes on a T 6 /(Z 2 × Z 2 ) orientifold. The Dirac mass matrices in the model are shown to be of the exact same form as those which lead directly to near near-tribimaximal mixing, as shown by Ma. In addition, it is possible to obtain the correct mass matrices for quarks and charged leptons, as well as nearly the correct CKM matrix. Assuming nearly degenerate right-handed neutrino masses, we obtain Majorana neutrino masses which are consistent with experimental observations of the mass-squared differences between neutrinos, as well as a PMNS matrix which is consistent with observations.
Introduction
The SM exhibits an intricate pattern of mass hierarchies and mixings between the different generations of fermions. The pattern of neutrino mixings is one of the most interesting aspects of neutrino physics today. In contrast to the small quark mixing angles, the mixing angles between neutinos appear to be quite large. The observation of neutrino oscillations suggests that there small mass differences between the different neutrino mass states. At present, the masses and mixing angles for both quarks and leptons remains completely unexplained, as well as the question of why they are so different from one another.
In recent years, precision measurements of the neutrino mixing angles as well as the squares of the mass differences between neutrinos have been made by several experiments. The best estimate of the difference in the squares of the masses of mass eigenstates 1 and 2 was published by KamLAND in 2005: ∆m [1, 2, 3, 4] . In addition, the MINOS experiment measured oscillations from an intense muon neutrino beam, determining the difference in the squares of the masses between neutrino mass eigenstates 2 and 3. Current measurements indicate ∆m 2 32 = 0.0027 eV 2 [2, 3, 4] , consistent with previous results from Super-Kamiokande [5] . In addition, cosmological results constrain the sum of the three neutrino masses to be 0.3 eV [6, 7, 8] .
The lepton mixing matrix or PMNS matrix may be parameterized as 
where s ij and c ij denote sin θ ij and cos θ ij respectively, while δ CP is a CP -violating phase.
The current best-fit values for the mixing angles from direct and indirect experiments are, using normal ordering [2, 3, 4] , 
which were consistent with early data. However, the measurment of a nonzero θ 13 by Data Bay [9] and Double Chooz [10] , and confirmed by RENO [11] has now ruled out these mixing patterns. Athough tribimaximal mixing is currently ruled out by experimental data, it still may be viewed as a zeroth-order approximation to more general forms of the PMNS matrix which are also consistent with the data. Thus, it is still of great importance to understand the origin of tribimaximal mixing.
In particular, it was shown also by Ma that mass matrices leading to tribimaximal and neartribimaximal mixing may be generated by imposing a flavour symmetry such as A4 [12] or ∆ (27) [13] . Specifically, a mass matrix of the form
obtained by imposing an A4 flavour symmetry leads to tribimaximal mixing, while mass matrices of the form
obtained by imposing an ∆(27) flavour symmetry leads to near-tribimaximalal mixing. Although generating mass matrices of this form through a flavour symmetry is very elegant and does provide some insight into the origin of the neutrino mixing angles, the origin of the flavour symmetries required for this in a fundamental theory has yet to be explained. String theory is a leadng candidate for such a theory. The main challenge of string phenomenology is to exhibit at least one string vacuum that describes the physics of our universe in detail. Despite progress in this direction, this has not yet been completely achieved. In the past two decades, a promising approach to model building has emerged involving compactifications with D branes on orientifolds (for reviews, see [14, 15, 16, 17] ). In such models chiral fermionsan intrinsic feature of the Standard Model (SM)-arise from configurations with D branes located at transversal orbifold/conifold singularities [18] and strings stretching between D branes intersecting at angles [19, 20] (or, in its T-dual picture, with magnetized D branes [21, 22, 23] ). A number of non-supersymmetric intersecting D-brane models have been constructed that strongly resemble the SM.
However, non-supersymmetric low-energy limits of string theory suffer from internal inconsistencies of noncanceled NS-NS tadpoles, yielding models that destabilize the hierarchy of scales [24] . A resolution of these issues necessarily requires N = 1 supersymmetry. The first semirealistic models that preserve the latter were built in Type IIA theory on a T 6 /(Z 2 ×Z 2 ) orientifold [25, 26] . Subsequently, intersecting D-brane models based on SM-like, Pati-Salam [27] , and SU(5) [28] gauge groups were constructed within the same framework and systematically studied in Refs. [29, 30, 31, 32] . The statistics of 3-and 4-generation models was studied in [33, 34] . Phenomenologically interesting models have also been constructed on a T 6 /(Z 6 ) orientifold [35] . In addition, several different models with flipped SU(5) [36] have been suggested within intersecting D-brane scenarios [37, 38] , as well as models with interesting discrete-group flavor structures [39] .
Within the framework of D-brane modeling it was demonstrated that the Yukawa matrices Y abc ∼ exp(−A abc ) arise from worldsheet areas A abc spanning D branes (labeled by a, b, c) supporting fermions and Higgses at their intersections [20, 40] . This pattern naturally encodes the hierarchy of Yukawa couplings. However, for most string constructions, Yukawa matrices are of rank one. In the case of D-brane models built on toroidal orientifolds, this result can be traced to the fact that not all of the intersections at which the SM fermions are localized occur on the same torus. To date only one three-generation model is known in which this problem has been overcome [41] , and for which one can obtain mass matrices for quarks and leptons that nearly reproduce experimental values. Additionally, this model exhibits automatic gauge coupling unification at the string scale, and all extra matter can be decoupled. It should be commented that the rank-1 problem for toroidal models can also potentially be solved by Dbrane instantons [42, 43, 44] . However, the conditions for including these nonperturbative effects are very constraining, and at present there are no concrete realizations in the literature in which all constraints may be satisfied.
In the following, we show that neutrino mixing angles wich are consistent with current experimental observations may be naturally obtained in a model consructed from intersecting D6 branes on a T 6 /(Z 2 × Z 2 ) orientifold. The Yukawa Dirac mass matrices in the model are shown to be naturally of the form given in Eqs. 4 and 5 which may lead directly to near-tribimaximal mixing. In addition, it is possible to obtain the correct masses for both quarks and charged leptons, as well as nearly the correct CKM matrix assuming tan β = 50. We obtain a neutrino mass matrix which is consistent with the mass matrices for the quarks and charged leptons. We obtain neutrino masses which result in close to the correct observed mass-squared differences. Finally, we obtain a PMNS matrix which is very close to the experimentally obtained matrix.
A Realistic MSSM
The configuration of D branes must obey a number of conditions in order to be a consistent model of particle physics. First, the RR tadpoles vanish via the Gauss' law cancellation condition for the sum of D-brane and cross-cap RR-charges [16, 45] :
written in terms of the three-cycles π α = (n [b 3 ] corresponds to turning on a non-zero NS-NS two-form B field. However, it becomes nondynamical under the requirement of its invariance under the orientifold projection ΩR [46] . As a consequence, its flux can admit only two discrete values, resulting in two discrete values for β. Each two-torus possesses the complex structure modulus χ j = R 2 . N = 1 supersymmetry, which is favored for reasons of underlying consistent low-energy theories of particle physics as well as for stability of D-brane configurations, is preserved by choosing the angles between the D-brane stacks and orientifold planes to obey the condition [25, 26] θ
with θ α j = arctan(2 −β j χ j l α j /n α j ) and β 1,2 = 0 and β 3 = β. This condition can be written in terms of wrapping numbers satisfying the two equations 
and x A , x B , x C , and x D are the complex structure parameters [30] , where
, and λ is a positive parameter that puts the parameters A, B, C, and D on equal footing. Furthermore, the consistency of the model is further ensured by the K-theory conditions [47, 48] , which imply the cancellation of the Z 2 charges carried by D branes in orientifold compactifications in addition to the vanishing of the total homological charge exhibited by Eq. (6) . In the present case, nonvanishing torsion charges are avoided by considering stacks with an even number of D branes, i.e., N α ∈ 2Z.
Imposing these constraints, we present the D6-brane configurations, intersection numbers, and complex structure parameters of the model in Table 2 , and the resulting spectrum in Table 3, with formulas for calculating the multiplicity of states in bifundamental, symmetric, and antisymmetric states shown in Table 1 . Models with different numbers of generations may be obtained for different values of the wrapping number n g as well as the third-torus tilt parameter β. The observable sector of the models then has the gauge symmetry and matter content of an (N g = 2 1−β n g )-generation SM with an extended Higgs sector. The extra matter in the models consists of matter charged under the hidden-sector gauge groups, and vectorlike matter between pairs of branes that do not intersect, as well as the chiral adjoints associated with each stack of branes. In addition, one has matter in the symmetric triplet representation of SU(2) L as well as additional singlets. In order to have just the MSSM at low energies, the gauge couplings must unify at some energy scale, and all extra matter besides the MSSM states must become massive at high-energy scales. Furthermore, one requires just one pair of Higgs doublets.
The resulting models have gauge symmetry
The hidden sector, as well as the set of complex structure parameters required to preserve N = 1 supersymmetry, is different in each of the models with different numbers of generations. In particular, in the tilted case two of the hidden-sector gauge groups fall out in going from three-generation to four-generation models. The non-Abelian chiral anomalies vanish as a consequence of the RR tadpole condition (6) . The chiral anomalies from the three global U(1)s of U(4) C , U(2) L , and U(2) R inducing couplings of the form A α ∧ F 2 β , with A and F referring to Abelian and non-Abelian gauge fields, respectively, read [49] 
However, these anomalies cancel against the couplings induced by RR fields via the Green- 
, and the complex structure parameters that preserve N = 1 supersymmetry are
The parameters β g i give the β-functions for the hidden-sector gauge groups.
Schwarz mechanism [49] :
such that A chiral + A RR = 0. The gauge fields A α of these U(1)s receive masses via linear c α B 2 ∧ A α couplings in the ten-dimensional action, with the massless modes given by ker(c α ). The latter is trivial in the present model, which means that the effective gauge symmetry of the observable sector is SU(4)
In order to break the gauge symmetry of the observable sector down to the SM, we split the a stack of D6 branes on the first two-torus into stacks a 1 and a 2 with N a 1 = 6 and N a 2 = 2 D6 branes, and similarly split the c stack of D6 branes into stacks c 1 and c 2 such that N c 1 = 2 and N c 2 = 2 as shown in Fig. 1 . The process of brane-splitting corresponds to giving a vacuum expectation value (VEV) to the chiral adjoint fields associated with each stack, which are open-string moduli. The gauge symmetry subsequently breaks down to SU(3) 
, with the hypercharge given by
where the a-stack charges provide Q B−L and the c-stack charges provide Q 3R . The gauge coupling constant associated with a stack α is given by where f α is the holomorphic gauge kinetic function associated with stack α, given [16, 24] in terms of NS-NS fields by:
where κ α = 1 for SU(N α ) and κ α = 2 for USp(2N α ) or SO(2N α ) gauge groups. The holomorphic gauge kinetic function associated with SM hypercharge U(1) Y is then given by taking a linear combination of the holomorphic kinetic gauge functions from all of the stacks [50] :
Note that in Eq. (14), the four-dimensional dilaton s and complex structure moduli u i refer to the supergravity basis. These moduli must be stabilized, and gaugino condensation of the effective Veneziano-Yankielowicz Lagrangian [51] provides an example of such a mechanism [52] . Gaugino condensation in the hidden sectors can play an important role in moduli stabilization, and it might provide a top-down reason why three generations is preferred over four.
From the complex structure parameters, the complex structures U i are determined to be 1, 2, 1, 1, 1, 1 )
The dilaton and complex structure moduli are then given in the supergravity basis by
where φ 4 = ln g s is the four-dimensional dilaton. Inserting these expressions into Eq. (13), one finds that the gauge couplings are unified as g
with the value of φ 4 fixed by the value of the gauge couplings where they unify, g 2 (M X ), which assumes different values for models with different numbers of generations at M X = 2.2×10
16 GeV:
The corresponding string scale is then given by
where M Planck is the reduced Planck scale, 2.44 × 10 18 GeV. After fixing the value of φ 4 , one can then determine the values of the gauge couplings for the hidden-sector gauge groups at the string scale:
where ρ 1 = ρ 2 = +1 and ρ 3 = ρ 4 = −1. Using the beta-function parameters β j in Table 2 , the scale at which each hidden-sector gauge group becomes confining can be calculated:
It can then be checked that the hidden-sector gauge groups have sufficiently negative β j to become confining at high-energy scales. To have only one pair of light Higgs doublets, as is necessary in the MSSM in order for the gauge couplings to unify, one must fine-tune the mixing parameters of the Higgs doublets, specifically by fine-tuning the µ term in the superpotential. In particular, the µ term and right-handed neutrino masses which may be generated via the higher-dimensional operators [41] :
where y 
where
. Thus, at low energies one obtains MSSM-like models with different numbers of generations, with gauge-coupling unification ∼ 2.2 × 10
16 GeV, and matter charged under the hidden-sector gauge groups becomes confined into massive bound states at high-energy scales.
As has been , quantities such as gauge and Yukawa couplings depend on the VEVs of the closed-string moduli that parametrize the size and shape of the compactified manifold, as well as the open-string moduli that parametrize the positions of the D6-branes in the internal space, which are associated with the presence of three chiral adjoints in each stack. These VEVs should be determined dynamically. While it is not our goal to solve this problem in the present work, it should be mentioned that mechanisms do exist by which this can be accomplished. In particular, the closed-string moduli can be stabilized in AdS by turning on fluxes in Type IIA [53] . In fact, this mechanism has already been demonstrated for the three-generation model [54] . Also, gaugino condensation in the hidden sectors can provide another source of closed-string moduli stabilization [52] . The open-string moduli may be frozen if the D-branes wrap rigid cycles, a possibility that can exist on the T 6 /(Z 2 × Z 2 ) orientifold with discrete torsion [55, 56, 57 ]. An example of a four-generation MSSM-like model constructed from D6-branes wrapping rigid cycles is given in [32] . We emphasize the possibility of finding a dynamical reason to explain why nature chooses a specific number of chiral generations by studying the moduli stabilization problem for models with different numbers of generations, such as our mini-landscape of models.
Yukawa Couplings.
As one can see from the previous section (note the filler brane stacks in Table 3 ), only the models with n g ≤ 4 can satisfy the tadpole conditions without introducing fluxes. If we take this condition as a constraint, then the only viable models from the top-down point of view have N g = 1, 2, 3, 4, 6, and 8. Furthermore, masses may be generated via trilinear couplings for all generations only for those models with a tilted third torus (β = 1). If we also take this condition as a constraint, then the only viable models are those with N g = 1, 2, 3, and 4. Additionally, the SU(3) C factor in the SM gauge group is only asymptotically free for SUSY models with four generations or less. Thus, the maximum viable number of generations is four.
The three-generation model has previously been studied in [41] . As mentioned in the Introduction, this model exhibits rank-3 Yukawa matrices and it is possible to nearly reproduce the correct masses and mixings for the three known generations of quarks and leptons. However, the Dirac mass matrix for neutrinos was not considered. Furthermore, there were difficulties obtaining the correct muon and electron masses which required additional corrections from four-point functions [58] .
A complete form for the Yukawa couplings y f ij for D6-branes wrapping on a full compact space T 2 × T 2 × T 2 can be expressed as [29, 40] :
with r = 1, 2, 3 denoting the three two-tori. The input parameters are given by
where the indices i (r) , j (r) , and k (r) label the intersections on the r th torus, d For the present work, we treat them as free parameters, as our primary interest is simply to see if one can obtain realistic mass matrices; we discussed possible mechanisms for moduli stabilization in the previous section. Note that although the above formulas for the Yukawa couplings are for T 6 = T 2 × T 2 × T 2 , they may be extended to the present case T 6 /(Z 2 × Z 2 ) by including all of the orbifold images in the analysis. However, in the present case the cycles wrapped by the orbifold images of a stack of D-branes a are homologically identical to the original cycle wrapped by the stack a. In addition, the intersection numbers between the cycles defined on the orbifold turn out to be the same as the intersection numbers between those on the ambient torus. Thus, the above formulas for T 6 = T 2 × T 2 × T 2 may be used without change on T 6 /(Z 2 × Z 2 ). We focus only on the first torus, as the Yukawa couplings from the second and third tori only produce an overall constant. We label the left-handed fields, right-handed fields, and Higgs fields with the indices i, j, and k respectively, which may assume the values
A trilinear Yukawa coupling occurs for a given set of indices that satisfy the selection rule
By choosing a different linear function for s (1) , some independent modes with non-zero eigenvalues are possible. Specifically, we will consider the case s 
where v k = H k+1 and the Yukawa couplings A, B, C, D, E, and F are given by
These Yukawa matrices are of rank 3, which means that it is possible to have three different mass eigenvalues as well as mixing between each of the different generations. for certain values of the shift parameter , namely
(1) = 0 mod 0.5, we find that some of the Yukawa couplings are equal due to the symmetry properties of the Jacobi Theta functions, Eq. (26) . Specifically, we have that B = C and D = F . There is also a shift symmetry where as (1) → 0 to 1, then A → E, B → F , and C → D.
Let us observe that when the shift parameters take the values (1) = 0 and (1) = 1/2, each of these mass matrices of the same form Eq. (5) as given by Ma [13] , which leads to neartribimaximal mixing. This result seems to be due to the symmetry properties of the Jacobi Theta functions and the selection rule Eq. (29) . It should be noted that this matrix may be written as the sum of two matrices, one of which involves the odd-numbered Higgs VEVs and one involves the even-numbered Higgs VEVs, each of which may lead to near-tribimaximal mixing. We shall find this useful in the next section as the mass matrices for the up-type quarks and neutrinos must involve the same set of Higgs VEVs v 4 Numerical Analysis.
The Yukawa couplings for the quarks and leptons are given by the superpotential
where the Yukawa couplings Y ijk are given by Eq. (25) and have the general form given by Eq. (30) . We may determine the desired mass matrices for quarks and leptons by running the RGE's up to the unification scale, which is taken to be the string scale in the present context. For example, for tanβ ≈ 50 at the unification scale µ = M X the diagonal quark mass matrices 
0.0318 0.0075e
where U i are unitary diagonalization matrices. Similarly, the diagonal charged lepton mass matrix is given by
For the Dirac mass matrix for the neutrinos, we desire that it has the form given in Eq. (5) so that its diagonalizion matrix will be near-tribimaximal. In order to fit the mass matrices M u , M d , and M l , we make specific choices for the set of Higgs VEVs v U,D k as well as the shift parameter for each stack of D-branes, (1) . In making choices for these parameters, it is useful to note that the Higgs VEVs with odd values of k may dominate the mass matrix when the shift parameter (1) l = 1/2. In order to have a consistent solution, we also require that the shift parameters for each stack of D-branes satisfies the constraint
which the above choices clearly satisfy.
Quark Masses and CKM Matrix
Thus, let us make the choices κ = 58.7 and 
In addition, let us set the shift parameters for the quarks to be have been chosen so that the neutrino mass matrix will be near-tribimaximal. We set all CP phases to zero. With these parameters, we obtain the following mass matrices for the up and down-type quarks: 
The eigenavlues for these matrices are exactly those given by Eq. (33), while the diagonlization matrices for the up and down-type quarks are given by 
Then the CKM matrix is given by 
which is very close to the desired CKM matrix Eq. (34), though not exact.
Lepton Masses and PMNS Matrix
Let us set the shift parameters for the leptons to be
(1) l = 1/2. Then, using the same set of Higgs VEVs as before, we obtain mass matrices for the neutrinos and charged leptons given by 
The eigenavlues for the charged leton mass matrix are exactly those given by Eq. (35), assuming that m τ = m b . Thus, we find that it is possible to accomadate the correct masses for quarks and charged leptons, as well as nearly the correct CKM matrix for quarks. The diagonlization matrices for the Dirac neutrinos and charged leptons are given by 
Here, we can see that the Dirac neutrino mass matrix is near-tribimaximal while the charged lepton mass matrix is near-diagonal. Of course, to explain the observed tiny neutrino masses, usually the Dirac neutrino mass matrix is input into a seesaw mechanism to produce a resulting Majorana mass matrix. In order for the canonical seesaw mechanism to work, there must exist a mass term for right-handed neutrinos in the superpotential. As discussed previously such a term is present in the model, viz Eq. (23). However, this term is of very high order, and it is not currently possible to calculate. In principle, such couplings may be induced by D-brane instantons [42, 43, 44] . However, this is not possible in the present model since the right-handed neutrino fields are charged under a gauged U (1) B−L . Iin order to calculate Majorana masses for the neutrinos, we need to make some assumptions regarding the right-handed neutrino masses. Let us observe that for the near tribimaximal mixing to be preserved after the seesaw mechanism is applied, the right-handed neutrino masses need to be nearly degenerate. Thus, let us make the choice
where M ∼ 10 14 GeV. for the inverse right-handed neutrino mass matrix. Then, applying the canonical seesaw mechanism,
we find that the diagonilization matrix for the Majorana neutrino mass matrix remains neartribimaximal, 
In addition, the mass eigvenvalues are given by
If we chose m ν = 0.1 eV, we find that the differences in the mass-squared values are 
which are comparable with the results of oscillation experiments [1, 5] . However, these results seem to be inconsistent with limits on the sum of neutrino masses from cosmological data [6, 7, 8] .
On the the other hand, it should be remembered that these are the masses at the string scale, rather than at low energy where the experiments are performed. The RGE running of these masses could change these results, although the change is not expected to be large. The RGE running of the neutrino mass parameters in the MSSM with tan β = 50 has been studied in [61] . The lepton mixing matrix is given by 
This result may compared to the 3σ ranges on the PMNS matrix [2] :
|V | 
It may be observed that the absolute values of the PMNS matrix elements obtained in the model agree relatively well with the experimentally observed values. However, once again it should be kept in mind that the obtained PMNS matrix is calculated at the string scale, while the experimentally obtained mixing angles are obtained at low energy. Thus, one should consider the RGE running of these parameters when making a true comparison. In particula, it would be interesting to study the RGE running including light vector-like states as it has been shown previously that such states may exist in this model in complete SU (5) multiplets [62] . We save this for future work.
Conclusion.
We have studied the Yukawa mass matrices in a realistic MSSM constructed with interecting D6 branes on a T 6 /(Z 2 ×Z 2 ) orientifold. It has been shown that correct mass matrices for quarks and charged leptons may be obtained in the model. Though a similar result has been demonstrated in previous work, before to obtain the correct masses for the muon and electron required additional corrections from four-point fuctions. Here, they are obtained with only trilinear couplings. In addition, we have obtained a CKM quark mixing matrix which is nearly correct.
Moreover, we have also shown that the generic Dirac mass matrices in the model are of the same form as those shown by Ma to lead to near-tribimaximal mixing. Though tribimaximal mixing has been ruled out by experiments, it still may be used as a zeroth order approximation. Thus, we calculate a Dirac mass matrix which is consistent with the obtained mass matrices for quarks and leptons. In order to preserve the near-tribimaximal mixing after the seesaw mechanism, we assumed that the right-handed neutrino masses are nearly degenerate. Whether or not this assumption is justified will requie the detailed calculation of the right-handed neutrino mass matrix.
After the seesaw mechanism, we obtained a Majorana neutrino mass matrix with mass eigenvalues that are such that the differences in the mass-squared values between neutrino masses may almost be obtained. However, the sum of the neutrino mass eigenvalues is not consistent with the constraints from cosmological data b roughly a factor of three. Finally a PMNS lepton mixing matrix is obtained with elements which are mostly consistent with the experimentally observed values. It should be pointed out that this result is dependent on small differences between the right-handed neutrino masses, as well as corrections from the charged lepton sector.
We also discussed that the calculated values for the neutrino masses and PMNS matrix elements are at the string scale, whereas the experimentally observed values are at low-energies. Although, the parameters are not expected to change to greatly when run down from the string scale to low energies, this is still necessary for a completely valid comparison to be made. In particular, it is possible that the discrepancy between the calculated sum of the neutrino masses and the constraints from cosmological data potenially may be resolved by such an analysis. We plan to study this issue as well as the calculation of the right-handed neutrino mass matrix in future work.
